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Reactive oxygen species play a key role in cell signalling and oxidative stress mechanisms, therefore, sensing 
their production by living organisms is of fundamental interest. Here we describe a novel biosensing method 
for extracellular detection of endogenous hydrogen peroxide (H 2 0 2 ). The method is based on the 
enhancement of the optical absorption spectrum of the hemoprotein cytochrome c when loaded into a 
highly scattering random medium. Such a configuration enables, in contrast to existing techniques, 
non-invasive and dynamic detection of the oxidation of cyt c in the presence of H 2 0 2 with unprecedented 
sensitivity. Dynamic information on the modification of the cell oxidative status of Chlamydomonas 
reinhardtii, an aquatic green algae, was obtained under oxidative stress conditions induced by the presence 
of trace concentrations of Cd(II). Furthermore, the dynamics of H 2 0 2 production was investigated under 
different lighting conditions confirming the impact of Cd(II) on the photosynthetic activity of those 
phytoplanktonic cells. 

The critical role that H 2 0 2 and other reactive oxygen species (ROS) play in cell physiology is complex and 
multifaceted. ROS production is involved in cell signalling and in oxidative stress mechanisms that can lead 
to lipidic/nucleic peroxidation and cell death 1 " 4 . Therefore, in parallel to the system biology perspective 
supported by genomics, proteomics and metabolomics, the development of analytical methods providing 
information on the dynamics of ROS generation is essential to gain further insights into the complex physio- 
logical processes of living cells and their response to environmental stress 5 . End-point bioassays based on 
membrane-permeable fluorescent and chemiluminescent probes are currently the most widely used techniques 
to measure oxidative stress and ROS production in biological cells exposed to different sources of stress 6,7 . In 
addition, the spin-trapping electron spin resonance technique enables real-time probing of intra- and extra- 
cellular free radical ROS via the formation of semi-stable paramagnetic compounds 8 . However, such sensing 
methods based on free probe analysis are invasive and characterized by a series of drawbacks such as probe 
cytotoxicity or fluorescent dyes photobleaching. Electrochemical biosensors, with published detection limits of 
about tens of nanomolars are, on the other hand, a promising alternative offering non-invasive tracking of the 
ROS released from cell compartments 9 . Recently, Jin et dl. used fluorescent single-wall carbon nanotube arrays to 
detect H 2 0 2 at the micromolar range involved in signalling of epidermal growth factor receptors on the mem- 
brane of human carcinoma cells 10 . 

The method presented here enables real-time measurements of H 2 0 2 in the sub-nanomolar range. It relies on 
the ultra- sensitive optical detection of the redox state of cytochrome c (cyt c) loaded into a random medium in 
which the incident light undergoes multiple scattering similar to many naturally occurring optical phenomena 
including, for example, the blue colour of the sky, the iridescence of clouds and the broadband reflexion of white 
paint 11 . Recently, multiple light scattering arrangements have been studied in the context of random lasers, where 
the gain medium supports multiple scattering 12 . Replacing the gain medium by an absorbing medium has led to 
applications in fields such as photovoltaics 13 and gas sensing 14 . Imaging of biological tissues represents a further 
application where multiple scattering comes into play 15 . Light passing through random media is subject to 
multiple scattering due to spatial variations of the refractive index. This prevents light from taking the shortest 
trajectory through the media and, consequently, the optical path through such type of media is increased. 
Multiple scattering in random or porous media has been investigated using analytical approaches based on 
Maxwell's equations 16 and transport theory 1718 . The average optical path length of random media has been 
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determined using probabilistic Monte Carlo simulations 19 . In the 
presented configuration, the increased optical interaction length 
(OIL) produced by multiple scattering dramatically enhances the 
measured absorption of cyt c embedded in an aggregate (random 
medium) made of polystyrene beads (PS) and thus enables highly 
sensitive H 2 0 2 detection. To illustrate the utilization of this method 
under environmentally relevant experimental conditions, we study 
the dynamics of H 2 0 2 release by green microalga Chlamydomonas 
reinhardtii exposed to nanomolar concentrations of Cd(II). This 
study is important in itself for the following reason: The photosyn- 
thetic micro-alga C. reinhardtii is a representative primary producer 
at the origin of the food chain in aquatic systems and highly relevant 
from an ecotoxicology perspective. In addition to its environmental 
importance, the completion of the C. reinhardtii genome project 
revealed this microorganism as a useful model to investigate molecu- 
lar cellular processes 20 . Cadmium is a widespread environmental 
toxicant known to cause adverse effects in algae, including growth 
and chlorophyll synthesis inhibition 21 ' 22 , increase in the superoxide 
dismutase activity 23 , phytochelatine induction 21 , and oxidative 
stress 23 24 . C. reinhardtii homeostasis and tolerance to Cd(II) are well 
documented and the following chronological lethal sequence has 
been reported: oxidative stress, lipid and nucleic acid peroxidation, 
cell structure alteration, mutagenesis and apoptosis 25 . However, most 
of the ecotoxicological studies examining the effects of Cd(II) con- 
tamination rely on acute stress conditions with Cd(II) concentra- 
tions in the hundreds of micromolar that strongly contrast with 
environmental concentrations, which are in the sub -micromolar 
range in freshwater 26 . Recent studies have examined the intracellular 
ROS generation by flow cytometry 24 as well as the global expression 
profile of C. reinhardtii 23 under short term exposure conditions (typ- 
ically a few hours) and environmentally relevant concentrations of 
Cd(II). 

Results 

Multiple light scattering enhances protein absorption in random 
media. Large enhancement of the OIL can be achieved by embedding 
absorbers, in this case cyt c, into a random medium 14 . As a conse- 
quence of the OIL lengthening through such a random medium, 
multiple scattering then dramatically enhances the spectroscopic 
information stemming from the cyt c redox state, as schematically 
illustrated in figure la. In this work we use aggregates of PS beads as 
random medium to enhance the absorption of cyt c, in order to lower 
the H 2 0 2 detection limit. PS beads with a diameter of 0.94 urn and 
refractive index n = 1.59 are incorporated into a random matrix of 
cross-linked cyt c following the procedure detailed in the Methods 
section. Figure lb shows a micrograph of the PS/cyt c aggregate 
recorded using focused ion beam microscopy, which clearly 
demonstrates the porous nature of the aggregate allowing rapid 
diffusion of H 2 0 2 into the biosensor. The amplifying properties of 
the aggregate are characterised using Beer- Lambert's law. To this 
end, we compare serial, respectively parallel, dark-field configura- 
tions corresponding to the situations where scatterer and absorber 
are separated, respectively interspersed. In the serial configuration 
the same amount of cyt c as present in the PS/cyt c aggregate has been 
added to the top chamber separated by a thin glass cover slip from a 
control aggregate without cyt c placed in the bottom chamber. The 
aggregate was formed by cross-linking PS beads with bovine serum 
albumin (BSA) which exhibits a low absorbance within the wave- 
length range of interest, and can be used to define the zero absorption 
line I 0 used to determine the absorption. The molar absorbance 
coefficients of cyt c and BSA are shown in the supplementary 
figure 2. In the parallel configuration, the top chamber was filled 
with phosphate buffered saline (PBS) solution while the bottom 
chamber was occupied by the PS/cyt c aggregate. Once again, in 
order to compare both configurations, the number of cyt c located 
in the optical path was fixed (see "Methods online" for details). The 



OIL € for each configuration is then determined using Beer- 
Lambert's law, resulting in € s = 2 mm and € p = 124 mm for the 
serial and parallel configurations, respectively. The OIL for the serial 
configuration, € g , can also be calculated from the geometry of the 
sample chamber containing cyt c and the buffer solution, resulting in 
€ g = 2 mm which is in excellent agreement with the value obtained 
using Beer- Lambert's law. Thus, adding the random medium 
corresponds to a virtual increase of the OIL by a factor of 62 which 
increases the absorption signal by a factor of v A = 40 for a cyt c 
concentration of 2 uM (Fig. lb). The OIL were determined for X = 
556 nm, since the cyt c absorbance does not dependent on the 
oxidation state at this wavelength (Supplementary Fig. 2). 

Cyt c absorption enhancement enables ultrasensitive H 2 0 2 detec- 
tion. Cyt c exhibits different absorption peaks in its oxidised, 
respectively reduced state: a broad peak at X = 530 nm, respec- 
tively narrower peaks at X = 520 and X = 550 nm (Supplementary 
Fig. 2). The redox catalytic activity of cyt c, the pseudo-peroxidase 
behaviour, in which the ferrous Fe 11 heme group is oxidised into the 
ferric Fe m heme group leading to H 2 0 2 reduction into water, 
provides the spectroscopic information exploited here (Fig. 2a). 
The temporal evolution of the absorption spectrum of cyt c 
embedded into the PS/cyt c aggregate is measured using an 
inverted microscope in dark field configuration (Fig. lc). Such a con- 
figuration efficiently suppresses the background level, producing a 
much better signal-to-background ratio (in the bright field 
configuration no measurable signal is detected, Supplementary Fig. 
1). Thanks to multiple light scattering occurring in the PS/cyt c 
aggregate and the consecutive amplification of the absorption 
signal, the oxidation of tiny amounts of cyt c (typically 20 pmol) in 
the presence of H 2 0 2 becomes measurable. The ability of the 
detection system to respond to H 2 0 2 enzymatically produced in 
the sensing chamber was evaluated in the following experiment. 
The introduction of xanthine oxidase (XO) in the sensing chamber 
containing hypoxanthine (XH) and superoxide dismutase (SOD) 
catalytically generates superoxide anions which are then converted 
into H 2 0 2 . The obtained biosensor response curve (Supplementary 
Fig. 4) clearly indicates that the detection system is well suited for the 
real-time monitoring of released H 2 0 2 . 

Calculation of a normalized redox state coefficient (|). The mea- 
sured raw optical signal depends on the specific experimental 
conditions, in particular the geometry of the PS/cyt c aggregate. In 
order to obtain reproducible quantitative data, each raw cyt c 
spectrum is converted into a normalized oxidation state coefficient 
<\> following the data analysis procedure detailed in the supplemen- 
tary information (Supplementary Fig. 4). (|) corresponds to the 
average oxidation state of cyt c present in the aggregate. It ranges 
between 0 and 1 for fully oxidized, respectively fully reduced samples, 
and does not dependent on the signal background (Supplementary 
Fig. 3). The H 2 0 2 concentration in the surrounding media can be 
derived via a calibration curve from the change of 4>, A(|), defined as 
A(\> = (|)([H 2 0 2 ] t = 0 ) - <K[H 2 0 2 ]t). As shown in figure 2b, the coeffi- 
cient A<\> exhibits the typical sigmoidal shape of ligand binding assays 
for increasing H 2 0 2 concentration and can be fitted with the 4- 
parameter logistic model 27 . The calibration experiment starts with 
a partially reduced cyt c sample stabilized in 4-(2-hydroxyethyl)-l- 
piperazineethanesulfonic acid (HEPES) solution, then the value of (|) 
decreases with H 2 0 2 concentration over a broad dynamic range from 
10 pM to 1 uM. The calculated limit of detection, defined as 3 -folds 
the standard deviation of the blank, is below 100 pM of H 2 0 2 which 
is, to our knowledge, at least one order of magnitude lower than 
described in the literature for biosensors 610 . 

Biosensing the H 2 0 2 production by stressed aquatic cells. This low 
limit of detection and extended dynamic range make this method 
promising for real-time measurements of H 2 0 2 traces produced by 
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Figure 1 | Method, (a) Schematic illustration of the absorption signal enhancement using multiple scattering in a random medium. Light travelling 
through a solution containing the absorbing protein exhibits a barely visible signal (left panel), whereas ligth travelling through a random medium loaded 
with the same amount of absorbing protein exhibits a large signal due to multiple scattering (right panel), (b) The porous aggregate made of polystyrene 
beads and cyt c (PS/cyt c) produces multiple scattering and, consequently, enhances the OIL. The inset shows a micrograph of a PS/cyt c aggregate 
recorded using focused ion beam microscopy. The OIL amplification produced by the random medium is shown in the bottom panel where OIL and 
OIL ref represent the optical interaction length through a sample with and without PS beads, respectively (see panel (a) and Supplementary Information), 
(c) Schematic of the experimental setup. The measurements are carried out using an inverted microscope in dark-field configuration connected to a 
monochromator and CCD camera, (d) Comparison of the cyt c absorption measured with (solid black line) and without (solid red line, multiplied 10 X) a 
scattering medium. The number of cyt c in the optical path is kept constant for both measurements. 



living cells. Here, to obtain dynamic information on cell oxidative 
status changes, we measured in real-time the amount of H 2 0 2 
released in a suspension of C. reinhardtii (2 X 10 6 cell ml" 1 ) 
exposed to 10 and 50 nM of Cd(II), as well as unexposed controls, 
over a period of 300 min (Fig. 3). In the absence of Cd(II), the H 2 0 2 
production inherent to the physiological activity of C. reinhardtii 
reached 3 X 10 4 molecule cell" 1 (Fig. 3c). Similarly to absorbance- 
based assays in which raw optical densities are corrected from initial 
values and treated as AA = |A t — A 0 |, the evolution of the oxidation 
state coefficient is here expressed as A(|) = |(|) t — 4> 0 |. The variation of 
the oxidation state coefficient, A(|), over time revealed an 



overproduction of H 2 0 2 in C. reinhardtii exposed to 10 and 
50 nM of Cd(II) with respect to the non-exposed cells (Fig. 3b). 
Data obtained in the absence and in the presence of 10 nM of 
Cd(II) are noisier as compared to those determined in the presence 
of 50 nM of Cd(II). This is probably due to the flagellar movement of 
the phytoplanktonic cells during the experiment which leads to 
temporal fluctuations in the light intensity. However, we observed 
that the mobility of the cells was seriously affected in the presence of 
50 nM of cadmium in the sensing chamber and consequently the 
signal noise dropped down significantly. The total amount of H 2 0 2 
production over the 300 min period, obtained from the conversion 
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Figure 2 | Spectra and calibration, (a) Reduced and oxidised cyt c exhibit different absorption spectra corresponding to the red and blue line, respectively. 
Upon oxidation of reduced cyt cthe magnitude of the strong absorption peak at ^ p = 550 nm decreases, indicating the change of the average oxidation 
state for the cyt c present in the PS aggregate. On the other hand the magnitudes at X\ and X 2 , the intersection points of the spectra of reduced and oxidised 
cyt Cy are not affected by a change of the oxidation state and can be used as reference wavelengths for the determination of an oxidation state coefficient § 
(see Supplementary Information), (b) Calibration curve showing the variation of the oxidation state coefficient A(J> = <fy 0 — 4>[H202] as a function of the 
H 2 0 2 concentration, where § 0 is the initial coefficient before adding H 2 0 2 . Prior to addition of known amounts of H 2 0 2 , the cyt chas been reduced using 
ascorbic acid. In the present configuration, the limit- of- detection is lower than 100 pM of H 2 0 2 . 



of A<\) values into concentration using a calibration curve (see SI), is 
10 5 , respectively, 10 8 molecules of H 2 0 2 per algal cell exposed to 10, 
respectively 50 nM of Cd(II). The H 2 0 2 production increase per 
algal cell with Cd(II) concentration in the exposure medium is 



consistent with the increase of intracellular Cd content 23 ' 28 . Similar 
incidence of sub-lethal Cd(II) concentrations on either the intrace- 
llular ROS production or gene expression levels has already been 
observed after 2.5 and 2 hours exposition time, respectively 25 . 
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Figure 3 | C. reinhardtii exposed to Cd(II). (a) Schematic representation of the real-time detection of H 2 0 2 excreted by C. reinhardtii (2 X 10 6 cell ml" 1 in 
1 mM HEPES buffer pH 7.4) exposed to 10 nM, respectively 50 nM, of Cd(II) injected at t = 0. Additionally, control experiments are performed without 
Cd(II) injection, (b) Time evolution of the normalized oxidative state coefficient A<|> = <J> 0 — 4>t calculated from the raw dark-field spectra using the data 
treatment (Supplementary Fig. 2). (c) Evolution of the H 2 0 2 production (molecule cell -1 ) obtained by converting A(J> values into H 2 0 2 concentrations 
via the calibration curve, (d) Evolution of the H 2 0 2 production rate (molecule min" 1 cell -1 ) calculated from the H 2 0 2 production profiles in (c). The 
upper graph represents the Cd(II) -induced H 2 0 2 overproduction rate obtained after subtraction of the control values (lower graph). The following 
metabolic sequence can be observed: adaptative period (phase I), up-regulation of antioxidants (phase II), and bursting out (phase III). 
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Corresponding control measurements performed without C. 
reinhardtii revealed that cyt c oxidation by Cd(II) and HEPES was 
negligible over the whole time span of the experiment. These findings 
agree with the general belief that the Cd(II) toxicity mechanisms are 
associated with the generation of ROS and demonstrate the 
capabilities of the proposed new biosensor to obtain quantitative 
information and, thus, further insights into the dynamics of Cd(II) 
toxicity mechanisms. 

Determination of H 2 0 2 production rate. Furthermore, real-time 
detection gives access to the production rate of H 2 0 2 in algae exposed 
to Cd(II) and can further improve our understanding of the 
corresponding kinetics. The control experiment in the absence of 
Cd(II) revealed that the H 2 0 2 production rate by C. reinhardtii 
increased progressively from 20 to 150 molecule min -1 cell -1 after 
a lag period on the order of 40 min (Fig. 3d). Using the typical 
chlorophyll content in C. reinhardtii 22 (2.2 X 10~ 9 (mg Chi) cell -1 ) 
we can estimate the H 2 0 2 production rate of a few units of pmol 
H 2 0 2 (mg Chi) -1 hr\ Addition of 10 and 50 nM Cd(II) to algal 
suspensions results in more complex H 2 0 2 production rate 
profiles, as illustrated in figure 3d. The initial plateau in the 
interval from t = 20 to t = 40 min corresponding to 7 X 10 2 and 
7 X 10 4 molecule min" 1 cell" 1 for 10 and 50 nM Cd(II), respectively, 
is followed by a gradual decrease of the production rates. A minimum 
is observed at 1 10 and 160 min for algae exposed to 10 and 50 nM of 
Cd(II), respectively. A longer exposure time results in a sharp 
increase of the production rates, reaching 2.6 X 10 3 and 7 X 10 5 
molecule min" 1 cell" 1 after 300 min exposure (Fig. 3d). The 
observed evolution of the H 2 0 2 production rate suggests that, after 
an adaptive period (phase I, Fig. 3d) which depends on the Cd(II) 
concentration, antioxidant levels can balance efficiently the 
accumulation of the ROS within the cell (phase II). Indeed up-regu- 
lation of intracellular antioxidant glutathione levels in C. reinhardtii 
after exposure to 80 nM of Cd(II) was observed for a comparable 
exposure time 29 . Our data agree also with proteomic studies showing 
up-regulation of antioxidant proteins such as L-ascorbate peroxidase 
or superoxide dismutase in C. reinhardtii once exposed to 150 uM of 
Cd(II) 30 . However, figure 3d shows that this period is then followed 
by a further increase of the H 2 0 2 production rate, suggesting that 
over a prolonged exposure the antioxidant system is incapable of 
balancing the excessive ROS production in the cell (phase III). 
Indeed, the differential transcription of a number of genes involved 
in oxidative stress defense mechanisms in C. reinhardtii exposed to 
micromolar Cd(II) concentrations after 48 h pointed to an excessive 
production of ROS 7 . However, this genomic study was performed at 
much longer exposure times and about 400 to 1000 higher Cd(II) 
concentrations. 

Role of photosynthetic activity on Cd(II)-induced H 2 0 2 produc- 
tion. Next, we use this method to examine the dynamics of H 2 0 2 
production under Cd(II) exposure under different light irradiance 
conditions. It is known that ROS released inside photosynthetic 
organisms generally originate from the photosystems II and I (PSII 
and PSI) 31,32 located in the thylakoid membrane of the chloroplast 
where 0 2 is reduced to 0 2 ". This transformation is at the beginning 
of a reaction cascade that leads to the formation of H 2 0 2 and 
hydroxyl radicals # OH. The light driven water splitting reaction in 
PSII provides dioxygen 0 2 whose one- electron reduction is needed 
to initiate the reaction cascade 33 . Previous studies carried out on C. 
reinhardtii have shown that the chloroplasts are readily accessible to 
Cd(II) 34 and the latter causes disorders on both the electron donor 
and acceptor sides of PSII, leading to the disruption of the 
photosynthetic chain 35 . Moreover, it has been recently demon- 
strated that despite the stromatic antioxidant system, choloroplast- 
derived H 2 0 2 is able to diffuse, most likely through aquaporins, out 
of choloroplasts 36 . In the experiment reported in figure 4a C. 
reinhardtii was exposed to 100 nM of Cd(II) at t = 0 and 



maintained under either light or quasi-dark conditions while 
monitoring the oxidative state coefficient A<\). Under light 
conditions the algae are exposed to the light from the source of the 
microscope whereas under quasi-dark conditions the light, again 
from the light source of the microscope, is on for only 7 s per min 
in order to record the cyt c absorption spectrum. Clearly, the lack of 
illumination induces a delay of about 3 h in the overproduction of 
H 2 0 2 in response to Cd(II) exposure, as shown by the corresponding 
H 2 0 2 production curves (Fig. 4b). The analysis of the H 2 0 2 
production rates (Fig. 4c) stresses a similar time-lag between light 
and quasi-dark situations, with a rate of 10 8 molecule min" 1 cell" 1 
reached at t = 120 and t = 320 min, respectively. The succession of 
quasi- dark and light periods during the experiment provides further 
evidence of the impact of Cd(II) on the photosynthetic apparatus 
(Fig. 4d). The time constants x = 25 (I), 14 (II), 100 (III) and 
14 min" 1 (IV), calculated for the corresponding periods defined in 
figure 4d clearly illustrate that the overproduced H 2 0 2 is correlated 
with the light driven electron extraction from the oxygen evolving 
complex which is known to remain functional at submicromolar 
Cd(II) concentrations 24 . As sketched in figure 4e, it is likely that 
the overproduction of light- dependent H 2 0 2 originates at the PSII 
acceptor side, as a consequence of disturbed electron transport from 
PSII towards PSI by Cd(II) binding to the plastoquinone pool 37 . 

Discussion 

This biosensing method based on the absorption enhancement of cyt 
c loaded into a random medium enables the development of an 
ultrasensitive H 2 0 2 detection tool. The optical characterization of 
the PS/cyt c aggregate indicates that the extended OIL caused by 
multiple scattering throughout the random medium produces the 
amplification of the measured absorption. Hence, minute changes in 
the cyt c spectroscopic response caused by H 2 0 2 produced by living 
cells can be recorded in real-time. Additionally, the data treatment 
procedure enables the extraction of a normalized redox state coef- 
ficient § from raw spectra, which provides quantitative data that are 
not affected by background variations. The time- evolution of 4> 
describes the variations of H 2 0 2 concentration during the experi- 
ment. This detection method is particularly suitable to study cellular 
oxidative stress since it is non-invasive and gives access to the H 2 0 2 
production dynamics in real time. Those operational features rep- 
resent a considerable advantage over existing end-point techniques 
based on intracellular ROS detection and open the door to the study 
of a multitude of physiological mechanisms, ranging from cell sig- 
nalling to cytotoxicity response. Here, we were able to observe a 
direct link between Cd(II) toxicity and lighting conditions for an 
aquatic microorganism. Considering the physical nature of the 
absorption enhancement, it can be expected that the integration of 
a bioassay component into a random medium would considerably 
improve its analytical performances: the method described here to 
enhance the optical absorption of cyt c can be used for other optical 
systems, such as fluorophores for example. Finally, since numerous 
enzymatically- catalysed reactions generate H 2 0 2 as a by-product, 
their combination with the novel biosensor proposed in this work 
would lead to the development of very versatile sensing platforms. 

Methods 

Optical setup. The spectral measurements are carried out in transmission mode 
using an inverted microscope (1X71, Olympus) coupled to a monochromator (TRIAX 
550, Horiba Scientific) and a CCD camera (Symphony, Horiba Scientific). In all the 
experiments a 20X objective with NA = 0.35 is used. A 12 V 1 10 W halogen lamp is 
used for illumination in a dark field (DF) configuration (DF condenser NA = 0.8/ 
0.92). The light intensity is controlled using the power unit TH4-200 (Olympus). 
Additionally, low-pass filters attenuating the light with wavelengths above 700 nm 
are introduced in the illumination path to avoid heating caused by radiation in the 
infrared. The total light power measured at the output of the DF condenser is 0.5 uW 
which corresponds to approximately 10 nW absorbed by cyt c in the aggregate. The 
power of light scattered back from the PS aggregate into the measurement chamber 
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adapted algae under illumination start excreting H 2 0 2 without delay, whereas there is a production delay of about 3 h for the dark-adapted algae under 
quasi-dark conditions, (d) ROS production for dark-adapted algae exposed to 100 nM of Cd(II) when the illumination is successively turned on and off 
during the measurement. A correlation between illumination and ROS production is clearly visible, with a stronger production under light conditions. 
The time constants! associated with the production rate for the different lighting intervals are x(I) = 25 min _1 ,x(II) = 14 min _1 ,x(III) = 100 min -1 and 
x(IV) = 14 min" 1 . (e) These data support the following action mechanism of Cd(II) on the photosynthetic apparatus of C. reinhardtii: Cd(II) binding to 
the plastoquinone pool disturbs the electron transport chain between PSII and PSI. Upstream, the light driven electron extraction from oxygen evolving 
complex (OEC) remains functional and generates light-dependent ROS at the PSII acceptor side. 
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can be estimated lower than 5% of the illumination power. All the measurements have 
been performed at room temperature between 22 and 25°C. 

Preparation of cyt c/PS aggregates. 50 uL of a suspension of polystyrene beads 
(0.94 um; Bangs Laboratories) were added into an Eppendorf containing 200 uL of 
cyt c (200 uM; PBS). The mixture was vortexed for 1 min and 0.5 uL of 
glutaraldehyde (25%; Sigma- Aldrich) was added to initiate chemical cross-linking. 
After 30 min the reaction mixture was centrifuged (7800 rpm for 2 min) and after 
removal of the supernatant, the PS/cyt c aggregates formed were re- suspended into 
HEPES buffer (1 mM; pH 7.4). This operation was repeated 3 times and the 
aggregates were stored in HEPES at 4°C. 

Determination of amount of cyt c in a PS/cyt c aggregate. In order to determine the 
amount of cyt c embedded into the PS matrix, the non-reacted cyt c that remained in 
the supernatant was analyzed by spectrophotometry (at 542 and 556 nm). 
Absorbance measurements revealed that 5% (2 nmol) of the cyt c initially added into 
the reaction mixture was retained in the aggregates. For a single aggregate the amount 
of cyt c was calculated by comparing its mass (dried) to the total mass of the 
aggregates. It was found that the average cyt c content of each single aggregate was 
20 pmol. 

Determination of absorption enhancement factor. In order to determine the 
enhancement of the absorption due to multiple scattering, the same amount of cyt c 
(20 pmol) present in the PS/cyt c aggregate was placed in the light cone volume 
(10 uL) by introducing a 2 uM cyt c solution in the measurement chamber. Thus, the 
comparison of the absorption signals measured in the serial (cyt c solution + 
separated scatterer) and the parallel (combined cyt c/PS aggregate) configurations, 
with the same amount of cyt c, provides direct information on the absorption 
enhancement factor. 

Calibration curve. The biosensor response to increasing concentrations of H 2 0 2 
shown in figure 2b was measured by adding sequentially 0.6 uL of freshly prepared 
H 2 0 2 solutions (from 1 nM to 1 mM) into the sensing chamber containing 60 uL of 
HEPES (1 mM; pH 7.4). The variation of the oxidative state coefficient, A(f>, 
corresponding to a given increase in the H 2 0 2 concentration, was calculated as the 
average of five spectral measurements obtained once the equilibrium is reached after 
30 minutes. The temperature is kept constant throughout an entire experiment. 

Cell culture conditions. The wildtype unicellular freshwater algae C. reinhardtii 
(strain 1 1 from CPCC, Canadian Phycological Culture Center, Waterloo, ON, 
Canada) were cultured in diluted Tris-Acetate-Phosphate liquid medium (TAP) 
under axenic conditions. Cells were grown using a 12 h light/12 h dark regime at 
20°C (150 rpm rotary shaking, Rumed incubator, Germany). At the mid-exponential 
growth phase, cells were harvested by centrifugation (2000 X g, 5 min), rinsed with 
and transferred to 1 mM HEPES. Cell numbers were determined by a Coulter 
Multisizer III particle counter (Beckman-Coulter, Switzerland) for each experimental 
run. 

Reagents and glassware. Chemicals were provided by Sigma- Aldrich (St. Louis, 
USA) if not stated otherwise. All glassware and plastic flasks were treated with 10% 
HN0 3 and rinsed with MilliQ water (18.2 Mohm, Q-H 2 0 grade) prior to use. 
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